Three volatile anaesthetic agent monitors (Datex Normae Anesthetic Agent Monitor, Engstrom Emma Multigas Monitor and Penlon Halothane Meter) were evaluated for the effects of nitrous oxide or water vapour, and for their linearity, stability, and rate of response to a change in concentration of various anaesthetic agents under simulated working conditions. None was affected by nitrous oxide, and only the Engstrom Emma was affected by water vapour. Linearity was satisfactory for all three devices but stability, with respect to zero and gain drift. was satisfactory only for the Datex Normae and Penlon Meter. Rates of response for 10% to 90% of source signal ranged from 0.8 seconds for the Datex Normae to about three seconds for the Penlon Meter.
The Datex Normac uses the infrared absorption principle. The vapour concentrations of halothane, enflurane, isoflurane and methoxyflurane are all measured in the same wavelength band (3.3-3.5 microns). This was chosen to minimise interference by water vapour and other agents. The measured absorbance is amplified by a factor determined by the absorbance of the agent in question, and the resultant concentration is displayed on an analogue scale in the range OOJo-5OJo.
The Engstrom Emma can measure the concentration of halothane, enfiurane, isofiurane, trichlorethylene and methoxyflurane. It has an in-line sensor, which operates on the oscillating crystal principle. When the (silicone oil coated) crystal is exposed to volatile anaesthetic agents, the molecules of the agent are quickly absorbed, thereby changing the crystal mass and hence its *Datex Instrumentarium Corporation, Elimaenkatu 22, 00510 Helsinki 51, Finland. tGambro Engstrom AB, Box 20109, S-16l 20 Bromma, Sweden. :j:Penlon InterMed, Pen Ion Limited, Radley Road, Abingdon, Oxon, OX14 3PH, England. frequency of oscillation. This change is proportional to the concentration of the agent in question, which is displayed on an analogue meter in the range OOJo-5OJo. Neither the Datex Normac nor the Engstrom Emma can differentiate between the vapours measured and must be set for the agent in question. The Penlon Halothane Meter uses the ultraviolet absorption principle, and does not respond to clinically used agents other than halothane. It has an analogue meter in the range 0%-5%.
This study was designed to determine the effects of water vapour and nitrous oxide on these monitors when measuring halothane, enflurane, isoflurane or methoxyflurane vapour concentrations, and to define their linearity, their stability over a five-hour period, and their rate of response to changes in anaesthetic vapour concentration.
METHODS

Effects of water vapour and nitrous oxide
The effects of water vapour and nitrous oxide were assessed by measuring the responses of the instruments to anaesthetic agents (halothane 1 %, enflurane 2.2%, isoflurane 1.7% or methoxyflurane 0.5OJo) in the presence of 1. air; 2. nitrous oxide:oxygen 50:50; 3. air saturated with water vapour at 37 QC; and 4. nitrous oxide:oxygen 50:50 saturated with water vapour at 37 QC ( Figure 1 ). Meter readings were estimated to the nearest tenth of a scale division. Monitors were allowed to warm up and were zeroed and calibrated according to the manufacturers' instructions. The meter-readings of the monitors were recorded five minutes and twenty minutes after each condition was established and were compared to the actual anaesthetic concentration measured by gas chromatography in gas samples taken at the same time. The gas chromatograph (Hewlett Packard model 57 lOA gas chromatograph fitted with flame ionisation detector and model 3380A integrator, Carbo wax 400 column, column temperature 145 QC) was calibrated with at least five independent primary standards made by vaporising a known amount of liquid anaesthetic in a known volume of air. The coefficient of variation for the gas chromatographic assay ranged from 0.3% to 1 %. For each agent, this study was repeated six times, the order of application of conditions 1. to 4. being determined randomly on each occasion. The zero and gain settings on each monitor were checked, and adjusted if necessary, between each set of measurements.
The magnitude and statistical significance of any effects of the conditions on monitor readings were determined by fitting separate linear regression models to each agent for each monitor. The dependent variable was the difference between the monitor reading and the gas chromatograph reading; explanatory variables initially included in the models were 1. presence or absence of water vapour; 2. presence or absence of nitrous oxide; 3. presence or absence of water vapour in the immediately preceding condition; 4. presence or absence of nitrous oxide in the immediately preceding condition; 5. whether the observation was made five minutes or twenty minutes after the condition had been established and 6. various interaction terms involving these variables. Terms were removed from the models by a process of backward elimination, starting with the highest order interactions. Terms which did not make a significant contribution (P> 0.05) were dropped from the model. Since it was specifically desired to assess the magnitude of the effects of water vapour and nitrous oxide regardless of whether they were statistically significant, where these terms were not included in the final model the effect of their inclusion was assessed. The residual error term in the final model reflects the scatter of meter readings when multiple readings are taken under the same conditions. This includes components due to fluctuations in monitor response, short-term drift in zero or gain settings and the limitations in interpolating readings which fall between marked scale divisions. The square root of the residual mean square (i.e. the standard error of estimate) was therefore used as a measure of monitor precision.
Linearity
Linearity of the monitors was assessed over the range of approximately 0.1 to 2 MAC for each agent, except in the case of methoxyflurane, where a range of 0.1070 to 10J0 was used to ensure that the scale deflection was adequate for accurate meter readings. For this part of the study the agents were vaporised in oxygen. Meter readings were taken at five nominal concentrations spread over the range to be studied. Anaesthetic agent concentrations were increased in a stepwise manner from zero to the maximum concentration. At each step, two meter readings were takel~ from each monitor; simultaneously, samples ')f gas were withdrawn for analysis by gas chromatography. The process was then repeated while anaesthetic concentrations were decreased from maximum concentration to zero in the same stepwise manner. The gas chromatograph was calibrated with at least seven independent primary standards spanning the concentration ranges studied.
Stability and rate of response A device which was capable of generating square wave anaesthetic vapour concentration changes was constructed ( Figure 2) . The solenoid-operated valves were switched using an electrical square wave generator set at the prescribed frequency. The dead space in the Y -piece between the solenoid and sampling site was 2 cm3, therefore, at flow rates used the maximum delay of concentration change and waveform deformation would be of the order of 0.03 seconds which is insignificant with respect to the response times measured. This was used in the stability and response-time sections of the study described below.
Monitors were mitially allowed to equilibrate according to the instructions in the operator's manual and the zero and gain settings were adjusted. Zero and gain drifts were assessed at half-hourly intervals over a five-hour period. During this period monitors sampled a stream of gas from the square wave concentration generator which was set to give 10J0 peaks of halothane for six seconds every twelve seconds.
Meter readings were taken at the end of each half-hour period to assess gain drift; simultaneously duplicate samples of gas were taken for determination of the actual halothane concentration by gas chromatography. Immediately after these measurements zero drift was determined by passing air through the system until a steady reading was obtained. If zero drift had occurred, the zero setting was readjusted before 10J0 halothane was again passed through the system, and then the gain setting was adjusted, if necessary. This procedure was repeated four times on separate days, giving a total of 40 half-hour periods over which zero and gain drifts could be assessed for each monitor.
The rate of response to a sudden change in halothane concentration produced using the square wave generator described above, was determined by measuring the time taken for the monitor output to go from 10070 to 90070 of the maximum signal. To enable the rate of response to be measured, monitor responses were recorded on a calibrated chart recorder (Grass Model 7D Polygraph, Grass Instrument Co., Quincy, Mass., U.S.A.) which was linear (± 10070) from 0 to 45 Hz for a full scale deflection. Response times were determined for changes in halothane concentration of 0.5070 and 1070 gas flow rates of both 4 and 8 litres per minute. The response rate was measured sixty times under each set of conditions.
RESULTS
Influence of water vapour and nitrous oxide
The effects of water and nitrous oxide on monitor readings are shown in Table 1 . Nitrous oxide did not significantly affect the readings of any monitor. The Penlon Halothane Meter was unaffected by water vapour, while the Datex Normae was affected only slightly in the halothane mode. The presence of water vapour had a marked effect on readings of the Engstrom Emma. This effect did not disappear immediately the water vapour was discontinued, as readings remained significantly higher (ranging from + 0.04070 for methoxyflurane to + 0.35070 for enflurane) if water vapour had been present in the preceding condition.
Under these conditions the Datex Normae gave more precise readings than the Emma or Penlon. The variability in readings of the Emma (especially evident with enflurane) appeared to be due in part to large variations in readings in the periods following exposure to water vapour, especially when two preceding conditions included water vapour. This variability is probably due to condensation of water in the monitor. When data points with water in the previous condition were excluded from the model, precision of measurement of enflurane improved from 0.21 to 0.08 (see 'Methods' for definition of precision). Linearity All monitor responses were similar for a given concentration of anaesthetic regardless of whether the anaesthetic concentration was being increased or decreased. All the monitors were satisfactorily linear for all agents over the range of concentrations studied. A typical linearity plot is shown in Figure 3 .
Stability Zero and gain drift
Over the 40 half-hour periods, the maximum drift for the Datex Normac was 0.1070, for the Engstrom Emma 0.3% and for the Penlon Halothane Meter 0.1 % (in units of halothane concentration). A typical set of zero drift measurements over one of the five-hour periods is shown in Figure 4 . On each of the four days the Engstrom Emma showed the most drift. The drift occurred in both the positive and negative direction. The gain drift measurements are given in Table 2 . Again the Engstrom Emma showed the most drift on all occasions.
Rate of response
The response times for each monitor for the four sets of conditions are given in Table 3 .
DISCUSSION
An anaesthetic agent monitor should not be influenced by conditions commonly encountered in anaesthetic breathing systems, such as high concentrations of nitrous oxide and water vapour. We found that all three of actual ·Meter reading expressed as a halothane concentration chromatography, n =40. measured by gas monitors tested could be used when nitrous oxide was present in the breathing system. This was not the case when water vapour was present. Although the Penlon Halothane Meter was unaffected by water vapour, and the Datex Normac was only slightly affected in the halothane mode, the Engstrom Emma was markedly affected in all modes. The latter observation is consistent with earlier findings. 2 ,3,4 The effect of water vapour was that it would add, for example, 0.84% to a 1 % halothane reading, giving a reading of 1.84%. This effect did not disappear immediately when the water vapour was discontinued as readings continued to be high for at least 20 minutes. This places significant limitations on the clinical use of the Engstrom Emma for expired gas monitoring.
All of the monitors were linear from 0.1 to 2 MAC in oxygen for each agent. Thus, all monitors are suitable for checking and calibrating vaporisers in the laboratory.
The Datex Normac and the Penlon Halothane Meter both showed good stability under the test conditions with maximum zero drifts of 0.1 % on the halothane scale. The Datex Normac and the Penlon Halothane Meter also had acceptable gain drifts to 93 % and 96% of the measured signal, respectively. Luff and WhiteS also found excellent stability with the Datex Normac, recalibration not being required during six weeks of use. On the other hand the Engstrom Emma showed zero drifts of up to 0.3% over half an hour on the halothane scale and a maximum gain drift to 77ltfo of the measured signal in a half-hour period.
Rates of response for lOltfo to 90ltfo of signal ranged from 0.8 seconds for the Datex Normac to about 3 seconds for the Penlon meter. Based on an inspiratory:expiratory ratio of 1:2 and allowing for the signal to be recorded in twice the time of the lOltfo to 90ltfo response, expired anaesthetic vapour concentrations would be adequately tracked for respiratory rates of up to 25 per minute for the Datex Normac and the Engstrom Emma, but for respiratory rates of up to only 10 per minute for the Penlon Meter.
In conclusion the Datex Normac is accurate, linear, and stable with an adequate response time for measuring end expired anaesthetic agent concentrations at respiratory rates of up to 25 breaths per minute. The Engstrom Emma and Penlon Halothane Meter are satisfactory for calibrating anaesthetic agent vaporisers in the laboratory, but the former is adversely affected by water vapour and suffers from significant zero and gain drift, whereas the latter, although accurate, linear and stable, had an inadequate response time for reliable tracking of expired anaesthetic vapour concentrations at respiration rates of greater than 10 breaths per minute when using the recommended gas sampling rates.
